SLAM/CD150 and Nectin-4 are the major morbillivirus receptors responsible for virus pathogenesis and host range expansion. Recently morbillivirus infections have been reported in unnatural hosts including the endangered species posing a conservation threat. To understand the host range expansion of morbilliviruses, we have generated the full-length sequences of morbillivirus receptors (goat, sheep and dog SLAM and goat Nectin-4) and tried to correlate their role in determining host tropism. A High level of amino acid identity was observed between the sequences of related species and on phylogenetic reconstruction, the receptor sequences of carnivores, marine mammals and small ruminants grouped separately. Analysis of ligand binding region (V-region; aa residues 52-136) of SLAM revealed high amino acid identity between small ruminants and bovine SLAMs. Comparison of canine SLAM to that of ruminants and non-canids revealed appreciable changes including charge alterations. Significant changes were reported in feline SLAM as compared to canine SLAM. The binding motifs of Nectin-4 genes (FPAG Motif and aa residues 60, 62 and 63) were found to be conserved in sheep, goat, and dog. The differences reported in the binding region may be responsible for the level of susceptibility or
D r a f t (Sidorenko et al. 1993; Cocks et al. 1995; Aversa et al. 1997; Griffin, 2007) . SLAM is a member of CD2 subset of the immunoglobulins (Ig) superfamily and has two extracellular domains (V loop and C2 loop) along with a transmembrane region and a cytoplasmic tail. The interaction between H protein of morbilliviruses and the V domain of SLAM on the target cells are considered crucial for morbillivirus infection (Ono et al. 2001) .
Comparative sequence analysis of morbillivirus receptors and its implication in host range
Besides the cells expressing CD46 and SLAM, morbilliviruses also infect epithelial cells of the trachea, bronchial tubes, lungs, oral cavity, pharynx, esophagus, intestines, liver, and urinary bladder (Griffin, 2007; Noyce et al. 2011 ). These epithelial cells do not express SLAM, but the infected cells do shed virus, suggesting that entry into these SLAM-negative cells is mediated by another cellular receptor, Nectin-4 (Mühlebach et al. 2011; Noyce et al. 2011 Noyce et al. , 2012 Noyce et al. and 2013 . The nectin is a cell adhesion molecule family consisting of four members (nectin-1, nectin-2, nectin-3 and nectin-4), though only Nectin-4 functions as the epithelial receptor for morbilliviruses (Mühlebach et al. 2011; Noyce et al. 2011; Birch et al. 2013 ). Nectin-4 has a type I transmembrane glycoprotein structure with three Ig-like ectodomains (V region and two C2 domains), a transmembrane region and a cytoplasmic tail (Delpeut et al. 2012) . It is expressed basolaterally on the epithelial cells in close proximity to infected lymphocytes and Dendritic cells (Leonard et al. 2008 ). PVRL-4 has been reported to support binding to MeV hemagglutinin protein through its V domain leading to virus entry (Noyce et al. 2011 ) in a manner similar to the interaction between the V domain of SLAM and H protein of MeV (Ono et al. 2001; Langedijk et al. 2011) .
Although morbilliviruses utilize both SLAM and Nectin-4 for getting entry into the host cells, only SLAM has been linked to the determination of host range specificity in different morbillivirus infections. The critical amino acid residues 52 to 136 in the V domain of SLAM has been found to be crucial for its interaction with the H protein of respective morbilliviruses (Ohishi et al. 2014) .The H protein residues ranging from 500-550 have the ligand property for the respective species i.e. this stretch of amino acids interacts with the V region amino acids of SLAM receptor (Bieringer et al. 2013 ). In the present study, we generated the sequences of SLAMs from goat (Capra hircus), sheep (Ovis aries) and domestic dog (Canis lupus familiaris)
and Nectin-4 sequence from goat (Capra hircus). The phylogenetic trees based on nucleotide D r a f t sequences of both SLAM and Nectin-4 genes were constructed and alignment of deduced amino acid sequences for both the genes from different hosts was carried out. We also studied the receptor heterogeneity in amino acid sequences at V-Region of Goat, Sheep and Dog SLAM and addressed their potential implication in binding to PPRV and CDV H protein. 
Materials and methods

Sample collection
Isolation and culture of Peripheral Blood Mononuclear Cells (PBMCs)
Peripheral blood mononuclear cells (PBMCs) were isolated from blood by density gradient centrifugation using Histopaque-1077 (M/s Sigma Aldrich) (Böyum, 1968) . Briefly; 2 mL of blood sample was diluted with equal amount of sterile phosphate buffer saline (PBS) and layered on 3 mL of Histopaque-1077. Tubes were centrifuged at 400 xg for 30 min in a swinging bucket rotor. The buffy-coat was aspirated carefully in a fresh tube and washed twice with PBS.
Supernatant was decanted carefully and cells were resuspended in RPMI-1640 (M/s Sigma Aldrich) with 10 % FBS. The cells were seeded in 6-well plates with 10 µg/mL of concanavalin-A (ConA). The plates were kept in 5 % CO 2 at 37 °C and observed for 48-72 hrs post stimulation. The goat, sheep and dog PBMCs were harvested after 48 hrs post stimulation.
The harvested PBMCs were centrifuged at 500 xg, supernatant was discarded carefully and the cell pellet was resuspended in 200 µL of sterile PBS. Goat placenta was triturated and 10 % homogenate was prepared in PBS. Both PBMCs and goat placenta were subjected to RT-PCR.
RNA isolation, RT-PCR and sequencing of SLAM and Nectin-4 genes
The total RNA was isolated by using QIAzol lysis reagent (M/s Qiagen, Germany) which is a modified version of the guanidium-phenol-chlorofom procedure (Chomczynski and 
Analysis of sequences and construction of phylogenetic tree
The sequences obtained in the study were analyzed in EditSeq package of DNASTAR D r a f t
Results
Amplification and sequencing of SLAM and Nectin-4 genes
The SLAM genes of goat, sheep and dog could be amplified from the RNA isolated from
PBMCs of the respective species by RT-PCR using self-designed primers ( Table.1 
Phylogenetic analysis
Phylogenetic reconstruction using the nucleotide sequences of the SLAM gene from different species origin resulted in clustering of all the carnivores in a separate group with a high bootstrap value. The sequences of canid origin were clearly separated within a distinct monophyletic group from other carnivores with a high bootstrap value. Other carnivores were clustered separately with a 100 % bootstrap value for sequences of feline origin when compared with spotted hyena. Although the dog SLAM (MG669628) sequence generated in this study formed a group with other canids including raccoon and fox, it was found to be more closely related to another dog sequences (AF325357) available in the NCBI database. The ruminant species formed a monophyletic group with a bootstrap value of 99 %. However, the sequences of the bovine origin formed a separate group from other small ruminants with a high bootstrap confidence of 99 %. The goat (MG669626) and sheep SLAM (MG669627) sequences generated in this study were found to be more closely related to each other with a high bootstrap confidence in comparison to the previously submitted sequences of small ruminants available in the database. The detailed phylogenetic analysis of SLAM gene is shown in Fig. 1 .
Phylogenetic reconstruction based on the nucleotide sequences of Nectin-4 also yielded the tree with topology similar to the SLAM gene. The ruminant and carnivore sequences were found to be separately clustered with a high percentage bootstrap confidence. Goat Nectin-4
D r a f t sequence (MG870289) generated in the study clustered with sequences from bovine origin with bootstrap value of 100 %. Dog Nectin-4 sequences formed a separate group along with the sequences from other carnivores' origin including cat, giant panda and walrus. The detailed phylogenetic analysis of Nectin-4 gene is shown in Fig. 2 .
3.3Analysis of amino acid sequence of SLAM and Nectin-4
The deduced amino acid sequences of SLAM from goat and sheep origin resulted in a full-length protein of 338 amino acids while the dog SLAM yielded a full-length protein of 342 amino acids in length. The nucleotide and amino acid sequences of SLAM and Nectin-4 generated in this study were aligned with the available sequences in the database to determine the divergence at the nucleotide and amino acid level. The goat-SLAM sequence generated in this study revealed a higher percentage identity to the more closely related species like Sheep Table. 2). The alignment of the full-length amino acid sequence of SLAM and Nectin-4 protein is given in Fig 3a, 3b and 4, respectively.
Comparison of ligand binding region of SLAM and Nectin-4
The variable (V) region of SLAM comprising of amino acid residues 52-136 is considered responsible for interaction with the hemagglutinin (H) protein of different morbilliviruses (Ohishi et al. 2014) . Therefore, the amino acid sequences of SLAM protein from different host species susceptible to PPRV and CDV were aligned separately to determine the (Table 3) .
On comparison of the V region of SLAM protein from different host species susceptible to CDV, the sequences of all the canid species were found to be identical except for a lysine (K)
to Arginine (R) substitution at position 54 (K54R) in the sequence obtained from red fox (Vulpes vulpes). Although a number of substitutions could be seen in the V region of other carnivores in comparison to the dog SLAM ( Fig. 3b ), only five substitutions were noted in cat SLAM at amino acid positions (R66K, A67S, N72K, I74V and D82S) which are considered critical for binding of virus to the host cell receptors ( Table. 3).
Recently one study has highlighted the importance of amino acid residues 60, 62 and 63 (D, V and G respectively) of human Nectin-4 for interaction with the MeV-H protein . Besides this, the FPAG motif's amino acids (F132/P133/A134/G135) are conserved in Nectin-4 sequences of different species origin (Noyce et al. 2013 ) and are considered crucial for CDV entry into the host cells (Delpeut et al. 2014 ). On alignment of the Nectin-4 sequence of different species origin, the FPAG motif was found to be conserved among all including the goat Nectin-4 sequence generated in this study (Fig 4) . The amino acid residues 60 and 62 were also found to be conserved among all species however instead of aspartic acid (D), the glutamic acid (E) at position 60 (E60) was conserved in all Nectin-4 sequences analyzed in this study.
Additionally, a glycine to glutamic acid substitution could be observed in all the sequences of ruminant origin at position 63 (G63E) (Fig 4) .
Discussion
Virus infections are initiated by attachment of virus particles to the specific receptor on the surface of susceptible host cells. These receptors facilitate virus entry into host cells and spread from cell to cell. Hence, the receptor expression on specific cells or tissues in the host is a key determinant for the route of virus entry and host range of a particular virus (Norkin et al. 1995) . The genus Morbillivirus includes the viruses which are of concern to human and a large number of animal species including rare or endangered species across the world. Recently, an increase in reports of PPRV presence in unnatural host species like buffalo (Bubalus bubalis) (Govindarajan et al. 1997 Phylogenetic reconstruction of nucleotide sequences for both SLAM and Nectin-4 genes from different species including the sequences generated in this study resulted in clustering of sequences based on their evolutionary origin. The sequences of carnivores and ruminant species were clearly separated in different clusters suggesting evolutionary distance between these species. Further, the sequences of small ruminant origin grouped separately from bovines and that of canids grouped separate from felids and other carnivores. Both SLAM and Nectin-4 sequences of marine mammal origin (killer whale and pacific white-sided dolphin) were found to be separately grouped with a high percentage bootstrap confidence although they were found more closely related to ruminant species. Similar findings were also reported previously for phylogenetic reconstruction of SLAM although with less number of sequences available at that time (Sarkar et al. 2009 ). Further, the work of Sarkar and co-workers has been expanded in this study by incorporating more number of SLAM sequences from different species origin for phylogenetic analysis and changes in binding region of SLAM were analysed from the deduced amino acid sequence. Additionally, to study the role of a newly identified epithelial receptor for morbilliviruses i.e. Nectin-4 in host range expansion, the Nectin-4 sequence of goat (Capra hircus) origin was submitted to GenBank and phylogenetic and amino acid analysis of Nectin-4 sequences from different species origin was drawn (Fig. 2) .
On sequences alignment of deduced amino acid sequences from different species origin, a higher percentage similarity was reported among the related species in accordance with the pattern of clustering in the phylogenetic tree. The SLAM sequences of Indian origin from goat and sheep generated in this study were compared to the sequences submitted previously (Fig. 3a) D r a f t (Sarkar et al. 2009 ). The SLAM sequence of goat origin generated in this study showed 99.7 % and 97.6 % similarity at nt. and aa level, respectively to the goat SLAM sequence submitted to the GenBank previously ( However, there are reports of CDV viruses having tyrosine residue at position 549 which can infect the non-canid hosts (Nikolin et al. 2012 ). Hence, it may be argued that besides amino acid substitutions at position 549, sequence similarity of the V region of SLAM protein of non-canids to that of canid origin could also be responsible for adaptation of CDV in these species. On multiple sequence alignments of amino acid sequences of SLAM protein, although a number of substitutions could be seen in the V region of SLAM from cat and large felids in comparison to dog SLAM, the amino acids with different electric charge were detected on eight positions in cat and seven positions in large felids when compared to dog SLAM (Fig. 3b ). This charge alteration A previous study has reported that the exchange of amino acid residues 60, 61 and 63 (isoleucine, histidine and valine, respectively) in mouse SLAM could be enough for mouse SLAM to behave similar to human SLAM as a receptor for measles virus (Ohno et al. 2003) .
Also, when these residues were made the same as in dog SLAM, both human and mouse SLAM could act as receptors to CDV. To our interest, the amino acid residues at position 60, 61 and 63 in all species susceptible to CDV were isoleucine, histidine and leucine, respectively except for American mink SLAM wherein an isoleucine to valine substitution (I60V) was found. Hence the consistent presence of these key residues especially histidine at position 61 in the SLAM of all the carnivores susceptible to CDV further supports the species jumping of CDV from dogs to the wildlife population including primates in accordance with previous findings (Ohno et al. 2003) .
When the V region of different host species susceptible to PPRV was compared, only one or two amino acids changes were reported in bovine species in comparison to the goat SLAM. An arginine to lysine substitution was reported at position 72 (R72K) of both cattle and buffalo SLAM which does not seem to alter the functions or charge of the protein. Therefore the reports of PPRV and its antibodies in cattle and buffalo may be attributed to high a level of sequence similarity of these species to goat SLAM and minor changes in the binding region of the SLAM gene. The V region residues of both goat and sheep SLAM generated in this study, were found to be identical without any amino acid changes. However, the increased susceptibility and severity of the disease for the goat than sheep may be explained by more expression of the receptors (both SLAM and Nectin-4) in goat than sheep (Manu, 2015 (Ratta et al. 2016) .
Like SLAM, Nectin-4 is also a common receptor for morbilliviruses, because critical residues of the H protein required for Nectin-4 binding are highly conserved among morbilliviruses (Tahara, et al. 2018) . Nectin-4 is located on adherence junctions of the cells and utilized as entry as well as "exit" receptor for MeV, CDV and PPRV (Mühlebach et al. 2011; Sato et al. 2012; Lin et al. 2016) . Nectin-4 for interaction with MeV-H protein . Also, it was reported that the amino acid substitution at G63E in porcine Nectin-4 blocks interaction of Nectin-4 with H protein and help in determining species specific interactions of the virus Lin et al. 2016) . In our study, the amino acid residues 60 and 62 were also found to be conserved, however a glycine to glutamic acid substitution could be observed in all the sequences of ruminant origin at position 63 (G63E) (Fig.4) . In accordance to the previous findings, the G63E substitution in all the ruminant species as reported in this study and its association with determination of species specificity, further explains the resistance vs. susceptible status of different host species to the different morbilliviruses.
In previous studies morbillivirus infection has been demonstrated in the neuronal and endothelial cells which do not express either SLAM or Nectin-4. It was also suggested that some heparin-like glycosaminoglycans may also be involved in morbillivirus infection through their D r a f t interaction with cellular receptors (Fujita et al. 2017) . A similar infection mechanism has also been demonstrated for MeV which was facilitated by cyclophilinB (CypB) and its cellular receptor CD147 (Watanabe et al. 2010).
In conclusion, (i) Phylogenetic analysis of both SLAM and Nectin-4 genes resulted in clearly separate groups of carnivores and ruminants with high bootstrap confidence, (ii)SLAM (goat, sheep and dog) and Nectin-4 (goat) sequence generated in this study revealed a higher percentage identity at amino acid level to the more closely related respective species as compared to the distantly related species, (iii) the amino acid residues responsible for ligand binding in the V region of SLAM and Nectin-4 sequences generated in this study were found to be identical to related species (iv) A complex interplay between virus and host cell receptors is responsible for the susceptibility of various animal species to morbillivirus infection. D r a f t 
